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Abstract 

We construct a minimal calculable model of a light dilaton based on the scenario where only 
top and Higgs sectors are involved in a quasi scale invariant dynamics. The model consistently 
accommodate the electroweak precision tests even when the Higgs boson is very heavy, thereby 
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allows one to consider a possibility that the particle at around 125 GeV, discovered at the LHC 



experiments, is identified as the light dilaton rather than the Higgs boson. We find that the current 
LHC data allow distinct parameter regions where the observed particle is either mostly the Higgs 
boson or the dilaton. 
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I. INTRODUCTION 



It has been reported recently that both the ATLAS and the CMS experiments observed reso- 
nances in the 77, ZZ, and WW channels at around 125 GeV [H12]- The resonance can naturally be 
interpreted as a signal of the Higgs boson in the Standard Model (SM). The mass range suggests 
that the Higgs sector of the SM is fairly weakly coupled, perfectly consistent with the precision 
measurements at the LEP experiments. 

The observation of the light Higgs boson excludes various models of electroweak symmetry 
breaking via a strong dynamics. For example, typical technicolor models [3] and their proposed 
effective descriptions such as the Higgsless model [1] are in trouble with the weakly coupled de- 
scriptions of the Higgs sector. 

There is, however, a logical possibility that the excess is not due to the Higgs boson but rather a 
Nambu-Goldstone boson associated with an approximate scale invariance in the dynamical sector. 
In Ref. [5], it has been proposed that the dilaton in the walking technicolor [6j may explain the 
signals, see also Ref. [7] for an effective theory description of dilaton systems. In Ref. [8], the radion 
in the Randall-Sundrum model has been discussed as a possible candidate, see also Ref. [9] . 

It has been reported that the excess of events at around 126.5 (125) GeV at ATLAS (CMS) 
in the diphoton final state is enhanced from the expectation of the SM by a factor 1.8 db 0.5 
(1.6 ± 0.4) [HE]. Though this tendency is not to the level of significance, it is noteworthy that the 
above stated models can naturally account for the trend. 

If the excesses at around 125 GeV are due to such a non-Higgs particle, one needs to consider 
a consistency with the constraints on the Peskin-Takeuchi S and T parameters [10]. This non- 
Higgs scenario requires the real Higgs boson (if exists) to be heavier than ~ 600 GeV in order to 
be consistent with the LHC data, and such a heavy Higgs boson does not give a good fit to the 
precision measurements. It is required to have some other contributions to the S and T parameters. 
Since the models based on (unknown) technicolor theories or an extra dimension have no or only 
weak predictability on the S and T parameters, it is difficult to judge if such models are really 
viable. 

In this paper, we construct an effective (minimal) model of such a framework and see if there 
is a viable parameter region. The model consists of a massive vector-like top-partner fermion. 
The top-partner mass M represents a mass gap in the dynamical sector, to which the dilaton 
naturally couples in order to recover the scale invariance: M — > Me~^A The coupling in turn 
provides interactions between the dilaton 4> and the photons/gluons through loop diagrams of the 
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top-partners, explaining the excesses at the ATLAS and CMS. The top-partner can also contribute 
to the Peskin-Takeuchi S, T parameters, which turns out to be a good direction to come back to 
the allowed region, canceling the heavy SM Higgs boson contribution to the T parameter. 

We discuss whether such a dilaton explanation of the excesses is viable and how such a scenario 
can be discriminated by measuring various cross sections and decay branching ratios at the LHC 
experiments. The minimal model we study below catches essential features of dilaton/radion 
models, and the model parameters we discuss can easily be translated into those in other models. 
In Section [IlJ we present the minimal dilaton model as an effective renormalizable theory 

we 



equipped with a linearized dilaton field S and the vector- like top-partner T [33] . In Section III 



show signal strengths for all the Higgs decay final states and give constraints on model parameters, 
namely a Higgs-dilaton mixing angle Oh and a dilaton decay constant /, which is nothing but a 



vacuum expectation value of S. In Section IV, constraints from the electroweak precision measure- 
ments are examined on the top-partner sector, namely on the left-handed mixing 6l between the 
top and its partner T and on the heavier t' quark mass. The last section is devoted to summary 
and discussions. 



II. THE MINIMAL DILATON MODEL 



The dilaton field, defined as the Nambu-Goldstone particle associated with an approximate 
scale invariance of the theory, can be produced through the gluon fusion process at the LHC and 
can decay into two photons through the following effective operators: 

^ff^, ^F^, (1) 

where (f>, G", and F^ u are the dilaton, the gluon field strength, and the photon field strength, 
respectively. These effective operators are generated if there is a colored and charged field which 
obtains mass through the spontaneous breaking of the approximate scale invariance. For example, 
in an approximately scale invariant technicolor theory, one can expect such operators to appear 
at low energy if there are colored and charged techni-quarks. Also, there can be a dual hadronic 
description of such a theory where the approximate scale invariance is non-linearly realized. An 
example is a model with a warped extra dimension where <j> represents the radius of the extra 
dimension. In either example, predictions to the effective couplings and also constraints from 
the electroweak precision measurements are pretty model dependent, and moreover, there are 
often technical difficulties in the estimations due to large non-perturbative effects or incalculable 
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corrections from the cut-off scale physics. 

We, therefore, consider an effective minimal model of the dilaton, based on a weakly cou- 
pled renormalizable theory. The model allows us to perform explicit computations of the Peskin- 
Takeuchi S, T parameters and also production/decay processes of the dilaton at the LHC. This 
exercise not only provides us with a sense of how such a model is constrained, but is also practically 
useful since the obtained allowed range of parameters can easily be translated into other calculable 
models. 

The operators in Eq. are obtained by integrating out a field which is colored and charged. 
We choose the field to have the same quantum numbers as the right-handed top quark. This is 
somewhat a natural choice. When we consider the origin of the large top-quark mass, one may 
need to assume that the top quark is (semi) strongly coupled to a dynamical sector, such as in 
the topcolor or the top seesaw models [12]. It is then reasonable to assume an existence of 
a resonance with the same quantum number as the top quarks. The resonance can decay into 
a bottom quark and a W boson, and thus does not have a problem with a exotic stable state 
which can in principle appear with random quantum numbers. As a minimal choice, we consider a 
vector-like top partner with the same gauge quantum number as the right-handed SU(2)l singlet 
top quark rather than the left-handed doublet that also includes bottom quark partner. 

We write down the following Lagrangian for the dilaton system: 

p -2</>/f _ . . 

C = Csu 2~ fy<W - T [IP + Me-^J T - [y'T R (q 3L ■ H) + h.c] - V(cf>, H), (2) 

where T is the heavy vector-like top partner representing the resonance, q^i is the left-handed 
(top and bottom) quark doublet, and H is the SM Higgs doublet field. The Lagrangian Csm is 
the Standard Model, and the term with a coupling constant y' provides a mixing between the top 
quark and T. The Lagrangian has a non-linearly realized scale invariance except for the scalar 
potential term V((f>, H) which contains terms with small explicit breaking of the scale invariance. 
The potential terms provide mass terms for cj) as well as a mixing between <f> and the Higgs boson. 
We choose the origin of the field <j> so that (0) = 0. A mass term of u^rTl, with u^r being the 
right-handed top quark, can be eliminated by an appropriate field redefinition; see Appendix [B| It 
may be interesting to consider this model as the low energy effective theory of the top condensation 
model |13| . where the coupling y' and the quartic coupling constant of the Higgs field blows up 
simultaneously at a high energy scale. We do not impose such a constraint in this paper in order 
to leave discussion general. 
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A. Linearized model 



By a field redefinition, 

S = fe-M, (3) 

the Lagrangian given in Eq. ^ is equivalent to 

C = £su- ^SPS — T (ip + j S) T - [y'T(q 3L ■ H) + h.c] - V(S, H). (4) 

The scale invariance is now linearly realized. The potential V(S, H) should be arranged so that 
(S) = f and (H°) = v/y/2. The explicit form of V is shown in Appendix [X| for completeness, 
though we do not need to specify it for the following analysis as we will be discussing with physical 
quantities such as the masses and mixings. We propose this Lagrangian as a minimal effective de- 
scription of an approximately scale invariant theory of (dynamical) electroweak symmetry breaking 
involving the only top and Higgs sectors. 

If the mixing between the dilaton and the Higgs boson is small and if the dilaton is the one 
which explains the observed resonance at the LHC, the Higgs boson must be heavier than about 
600 GeV in order to be consistent with the Higgs boson searches at the LHC. With such a heavy 
Higgs boson, constraints from the Peskin-Takeuchi S, T parameters require a new contribution to 
come back to the ellipse in the S-T plane. As we will see shortly, such a contribution is already 
there in this model since the loop diagrams of the t' field can push S and T parameters towards the 
right direction. This Lagrangian therefore provides a compact realistic model of the light dilaton, 
which can be used for LHC studies. 



B. Model parameters 

This model has new parameters in addition to the Standard Model ones. We here list them and 
their definitions: 

• / 

This is the decay constant of the dilaton. The size of / controls the strength of the coupling 
of the dilaton <p to photons and gluons and to all the fields involved in the quasi conformal 
invariant dynamics. For later use, we define a dimensionless quantity: 

V = jN T , (5) 
5 



where v = \/2(H ) = 246 GeV, and Nt is the number of the T fields. This parameter 
appears when we discuss the production and decay of <j>. If necessary, one can obtain a large 
value of r\ with a large number of Nt without requiring too small /. For the minimal model 
Nt = 1 which we will assume hereafter. 

m s , Tiih, and Oh 

These are masses (m s < m^) and mixing of the scalar fields. We take lighter mass eigenstate 



to explain the LHC excesses, i.e., 



m, ~ 125 GeV. 



The Higgs-dilaton mixing angle is defined as 
S = / + s cos Oh — h sin Oh, 



H 



o v + s sin Oh + h cos Oh 

71 ' 



(6) 



(7) 



where s and h are the lighter and the heavier mass eigenstates, respectively. We impose 

m h > 600 GeV, (8) 

to be consistent with the data from LHC. When the mixing angle is so large that the lighter 
one is almost the Standard Model Higgs boson, it is not necessary to impose the above 
constraint for a large /. Since we are particularly interested in a small mixing region, we 
always impose the above constraint in the following analysis. 

• m t i and Ol 

These are the T mass and the left-handed mixing of the top sector. The mass matrix for the 
top quark and its partner, 



M t 



ytv/V2 y'v/y/2 
M 



(9) 



is diagonalized as 





2 

mf 










m t'_ 



(10) 



cos Ol —siiiOl + cos Ol siiiOl 

M t M\ 

sin^L cos Ol —suiOl cos Ol 

where mt is the top quark mass. One can trade the new parameters y' and M by the ob- 
servables my and Ol, while yt should be adjusted to reproduce the top quark mass. See 
Appendix [B] for more detailed discussion. In Section [TV] we verify constraints on the param- 
eters Ol and m t i from the electroweak precision data. 
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C. Coupling to the Standard Model fields 



The loop diagrams of T generate the effective couplings in Eq. ([I]) . In the limit of 2mf 3> m s , the 
effective couplings for the production and decays of s are approximated by momentum independent 
pieces which are insensitive to me or 61 . This behavior can most easily be understood by identifying 
the effective coupling as the dilaton/Higgs dependence of the running gauge coupling constants: 



£eff = -^2 G % GaflU i (11) 



where we take the gluon as an example. The running coupling constant at a low energy scale is 
given by 

1 1 2(6 S m + A5) m t / 2&sm , m 2(6 S m - A6) n 

log -7- - 77^5 log 7— V75 log — , (12) 



gKfj.) fff(A) (4vr)2 b A (4tt)2 b (4tt)2 

at one- loop level, where &sm = — 7 and A6 = 2/3. This can be rearranged to 

1 1 2(6 SM -A6) « 2A6 (y f (ff°))(m(5)//) 

lo S T " lo § A2 . (I 3 ) 



5 2(/i) ffKA) (4vr)2 b A (4vr)2 b A2 

where we have used the fact that 

mt rr H r = y t (H°) r ^p-, (14) 

which is derived from the mass matrix in Eq. ([9]). By recovering the field fluctuations (H°), (S) 
— > H° , S and considering the mixing factors in Eq. ([7]) , we obtain the effective coupling of s to 



gluons from Eq. (11) as 



4ff 9) = \ J^yl \ (vcos9 H + sm0 H ) sG%G a ^, (15) 

where we have canonically normalized the kinetic term of the gluon. The terms proportional 
to sin Oh and t/cosOh are contributions from the SM top and its partner, respectively. We can 
explicitly see that the coupling is independent of m t i or 9l- For the s to photon coupling, we need 
to include a loop of the W bosons. The result is 

4s 7) = \ j£y I (l N cQh cos 9 H + A SM sin H ^j sF^, (16) 

where N c = 3 and Qt = 2/3 are the color factor and the top quark charge, respectively, and the 
explicit form of the loop factor Asm — —6.5 can be found e.g. in (2.45) in Ref. |14j . The first term 
in the parentheses is the contribution from the top-partner loop whereas the second is from the 
SM top and W ones. 



The particle s can also couple to the W and Z bosons and the fermions through the Oh mixing. 
The couplings are simply given by those of the SM Higgs boson times a factor of smOn- 

Note here that the model is not the same as the Higgs-dilaton model studied in Refs. |15H17j . 
where the coupling between the dilaton and the Standard Model fields are assumed to have the 
form: 

Ant = |t" m . (17) 

Here, is the trace of the energy-momentum tensor of the Standard Model. Through this term, 
the dilaton directly couples to the violation of the scale invariance in the Standard Model, i.e., 
to the W, Z bosons and fermions with strength proportional to their masses. Also, the couplings 
to the photons and gluons are proportional to the beta functions. The effective interaction term 



in Eq. (17) is generated at low energy if the whole Standard Model sector is a part of the scale 
invariant theory in the UV; all the gauge bosons and fermions are composite particles. 

In contrast, we take a more conservative picture that the Standard Model except for the 
top/Higgs sector is a spectator of the dynamics, and thus the dilaton couples to the W, Z bosons 
and fermions only through the mixing with the Higgs fields. The couplings to the gluons and 
photons are generated only through the loops of t and t' . Due to these different origin of the 
couplings between two models, the production and decay properties are quite different. Indeed, 
we will see that our model can give better fit to the LHC data compared to the SM Higgs boson, 



while Refs. |15ffTT] have reported that the dilaton scenario based on Eq. (17) is rather disfavored. 
In terms of the parameters in Ref. |15H17] , our model corresponds to 

cy = cf = sin 6h, <h = cos 2 Of sin Oh + r/sin 2 Of cos Oh, (18) 

c g = r\ cos Oh + sin Oh, c 7 = r]A t > cos Oh + ^4sm sin Oh, c- mv = 0, (19) 

where F stands for all the SM fermions except top quark. (The parameter cx for a produc- 
tion/decay process X is written as kx in a recent analysis by ATLAS [18 1; Our notation in the 



forthcoming Eqs. (21)-(27) reads Rx = c x = k x .) It is worth noting that a negative value for cp 
can be easily obtained in our model, which tends to be more favored than the SM value cf = 1 in 
order to suppress the c g coupling while keeping c 7 large [T^HI?] . 



III. DILATON AT THE LHC 



As we discussed in Sec. [TTJ there are two mass eigenstates in the scalar sector, s and h, and their 
couplings are determined by two parameters, r\ and Oh in Eqs. §5§ and ([7]). In small Oh region, s 
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is dilaton-like as we can see from Eq. ([7]). In the following, we assume the lighter mass eigenstate 
s to be around 125 GeV and study the production and decays of s at the LHC. 

A. Production 

As one can see from the above discussion, the s particle has suppressed couplings to W, Z and 
fermions, and either enhanced or suppressed couplings to 7 and the gluon compared to the Higgs 
boson in the Standard Model. The production cross section of s compared to that of the SM Higgs 
boson (at the same mass as s) through a process X, 

Rx := S, (20) 



SM- 
°X 



is given by 



-Rgf = (r?cos#H + sin^) 2 , (21) 
«VBF = Rvh = sm 2 9 H , (22) 
Rtm= (cos 2 0£,sin0ff + 7/ sin 2 9 L cos6 H ) 2 , (23) 

for the gluon fusion (GF), the vector boson fusion (VBF), the Higgs-strahlung (VH), and the 
associated production with a ti pair (ttH), respectively; see e.g. Ref. [H] for a review. Here and 
hereafter V (VV) denotes either W or Z (WW or ZZ). Note that the SM cross section in the 



denominator in Eq. (20) is evaluated at ~ 125 GeV for comparison to the experimental data, 



while its value in our model is irih > 600 GeV. As said above, r\ appearing in Eq. (21 ) is not a ratio 
of the Yukawa couplings but that of the vacuum expectation values which can also be checked by a 
direct loop computation in the linearized model given in Eq. Q. We plot -Rgf in the left panel of 
Fig. [I] The ttH ratio (23) reduces to i?ttH - > sin 2 6h in the small top mixing limit 9l <C 1, which 



we will assume hereafter. The validity of this approximation will be confirmed in Section IV We 



note that the ttH process gives negligible contribution to our diphoton analysis in Eq. (32), with 
e ttH beirrg at most 4%, and that we include it just for completeness. 

B. Decay 

For each decay process s — > X, we define the decay width ratio to that of the SM Higgs at 
125 GeV: 

1 h^x 
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FIG. 1: Ratio to the SM for the dominant GF production cross section given in Eq. (21 1 (left) and to the 



total decay width given in Eq. (29 1 (right). Contours 0, 0.5, 1, 1.5 and 2 are drawn, with and 1 being 
dotted and thick, respectively. A denser region gives larger value, with density changing for each increase 
of the ratio by 0.1 from to 2. Both sides 6jj = ±7r/2 correspond to the SM. 



The minimal dilaton model predicts 

R(s -)• others) = sin 2 6 H , (25) 
R(s gg) = (r ) cose H + sin 6 H ) 2 , (26) 

R(s -»• 77) = (vir- cos °h + sin Oh) » ( 27 ) 

V ^SM / 

where the subscript "others" denotes the tree level processes bb, VV, tt, cc, etc. and 

*== AW* Aj = £ (28) 

with the loop function Ai given in Eq. (2.46) in Ref. 1141 . The ratio for the total decay width is 

2 

R(s -> all) = -gj^ 21 

1 h->all 

= BR^rs sin 2 H + BR™ ( v COS 9 H + sin # H ) 2 + BR™ ( r?^- cos H + sin H 



M 



(29) 



BR™ crs = 91.3%, BR™ = 8.5%, BR™ = 0.2%. (30) 



where at around 125 GeV, branching ratios in the SM are given e.g. in Ref. [15 



We plot R(s — > all) in the right panel of Fig. [T] 
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C. Dilaton vs SM Higgs signal strengths 



Both ATLAS and CMS experiments discovered a new particle at around 125GeV in the dipho- 
ton [121 [2D], ZZ -> 41 [2H E2], and WW -> Zj/Zj/ [23 [23 channels. The obtained data for each 
channel is translated into the signal strength, which is an expected production cross section for 
a particle that decays the same as in the SM Higgs at the same mass. We constrain the model 
parameters Oh and r/ _1 = f/v from these three channels. 

The minimal dilaton model predicts different production cross sections between GF and 
VBF/VH/ttH processes. In H — > 77 search, composition of these production channels differs 
category by category and are summarized in Table 2 in Ref. [2j for CMS and in Table 6 in Ref. [19] 
for ATLAS. We define e l x as the proportion of the production process X within a category i. Note 
that £ x = 1 by definition for each category i, where a summation over X is always understood 
as for all the relevant production channels: GF, VBF, VH, and ttH. GF is the dominant production 
process and satisfies e l GF < 90% in production processes other than dijet category. In the dijet 
category, the dominant production process is VBF, and £vbf ^ 70%. 

When acceptance of a production channel X for a category i is a x , the estimated value of a 
signal fraction under the given set of cuts i becomes 



aver 



SM 



x u x 



(31) 



x £y44 M ' 

where the Higgs production cross section in the SM through the channel X. Given {e^}, 

we can compute the signal strength under the imposed cuts for each category i 

r, (h v w \ a x °x BRj> -> 77) ^ t R(s -> 77) 

We have assumed that the acceptance a x under the category i does not change from that of the 
SM for each production channel X. 

As an illustration, we plot each contribution from the initial state X in the signal strength 
AO -> F): 



where explicit form of all the rates in right hand side has already been presented in Section IIIB 
Figs. [2] and [3] are respectively for the diphoton final state and for the others than diphoton and 
digluon ones. Though it is hardly observable at LHC, we also plot signal strength for digluon final 
states in Fig. [4] for completeness. For real experimental data under a given set of cuts i, signal 
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strength becomes a mixture of those from GF and VBF,VH,ttH processes shown in the left and 
right panels, respectively, with coefficients e l x (X = GF, VBF, VH, and ttH) being multiplied as 



in Eq. (32). Figs. [2j^4jare the prediction of our model. 

From Fig. [2j we see that the diphoton signal strength can be larger than unity when the dilaton 
decay constant / is not much larger than the SM Higgs vacuum expectation value (vev), namely 
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when r]~ l = f/v < 1. In a pure VBF/VH/ttH production channel, only negative 6h region can 
give an enhancement of the diphoton signal strength. We can see from the right panels in Figs.[2]-j4] 
that in purely dilatonic region Oh — 0, the VBF/VH/ttH production is suppressed for all the decay 
modes. In particular, the "others" decay modes WW, ZZ, bb, tt etc. are always suppressed in the 
VBF/VH/ttH channel. The signal strengths for decay modes other than 77 are generally enhanced 
with GF production for a positive 6h, as can be seen in left panels of Figs. [3] and [4| Especially the 
digluon signal strength can be enhanced as large as 30. 



D. Constraints on dilaton/Higgs sector 

As all the signal strengths are obtained, we perform a chi-square test with the Gaussian ap- 
proximation for all the errors 

X 2 = E(^) 2 . (34) 

where summation over i is for all the diphoton categories as well as the WW and ZZ channels. 
For the ZZ — >• 4/ and WW — > Ivlv decay channels, we assume that all the signals are coming from 
GF and hence we approximate 
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ATLAS (126.5GeV) CMS (125GeV) Combined ( 125. 5GeV) 




FIG. 5: Favored regions within 90, 95 and 99% confidence intervals, enclosed by solid, dashed, and dotted 
lines, respectively. Density (area) of favored region decreases (increases) in according order. Results are 
shown for ATLAS (left), CMS (center), and combined (right). See text for details. 



for VV = WW and ZZ. For ATLAS, the central value \n and deviation U{ are read off from Fig. 14 
in Ref. |19j for diphoton channels and from Fig. 10 in Ref. [1] for WW and ZZ channels. For CMS, 
Fig. 6(b) in Ref. |20| and Table 7 in Ref. [2] are used for diphoton and VV channels, respectively. 
The resultant number of degrees of freedom is 22 and 13 for ATLAS and CMS, respectively. 

The results are shown in Fig. [5] We see that both experiments have allowed dilaton-like region 
\0h\ < Tr/4 within 90% confidence interval though the ATLAS disfavors the purely dilatonic case 
0H — outside the 95% confidence interval. This is one of our main results. 

As an illustration, we have also presented in right panel of Fig. [5] a "theorist combination" plot 
with the data from Fig. 3 in Ref. [16J. We have assumed that WW, ZZ and 77 (bbV, WWV and 
rr) are all coming from GF (VBF/VH/ttH) processes whereas jjjj has 70% from VBF/VH/ttH 
and 30% from GF. In this naive treatment, we see that the SM is already outside the 90% confidence 
interval whereas the minimal dilaton model has the allowed regions with a dilaton-like scalar. 

IV. CONSTRAINTS ON TOP SECTOR FROM ELECTROWEAK DATA 

When the Higgs-dilaton mixing Oh is small, the relevant parameters for the Peskin-Takeuchi S, 
T parameters are the top-partner mass my and the left-handed top mixing 0l- As we will see later, 
physics of the dilaton at the LHC is independent of those two parameters m t >, 0l in the top sector. 
Therefore one can discuss the electroweak constraints and the LHC physics independently. In this 
section, we present allowed region of the parameters mf and 0l from the electroweak precision 
measurements. 
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As is well known, the electroweak precision tests prefer a light Higgs boson in the Standard 
Model. The upper bound is 185 GeV at the 95% confidence level |25j . On the other hand, the 
assumption that the 125 GeV excesses at the LHC as the dilaton requires the SM Higgs boson (if 
exists) to be heavier than about 600 GeV. It is then necessary that the t' loops provide a correction 
with an appropriate size and sign to push back to the allowed region in the S-T plane. 

We have obtained contributions to the Peskin-Takeuchi S, T parameters from the t and t' loops 

as 



S top =sin 2 e L 
T top =sin 2 6 L 



No 

N 



1 2 , 

- - cos e L Jlnx+ ^ , ( 



(1 + x) 2 2x 2 (3-x) 



+ 



1 



mi 



16tt s 2 w c 2 w m| 



sin 2 9 L 



(1 + cos 2 9 L ) 



(1-x) 
2 



Inx 



cos 



1 



cos 6*ilnx 



(36) 
(37) 



where 



x :- 



mi 
m 2 



< 1 



(38) 



and 9l is the mixing angle between t and t' defined in Appendix[Bj If 9l = 0, then t' decouples, and 
S top and T top become 0. This is because we have already subtracted the SM contributions from 
the definition of S and T parameters, as usual. For a fixed 9l and a large my, T top is enhanced as 
oc m 2 , whereas <S top only has a logarithmic dependence. Therefore, we generically obtain a large 
positive contribution to T top and \S top \ <C T top . Interestingly, this is indeed the required direction 
to come back to the allowed region when the Higgs boson is heavy. 

We also need to calculate the contributions from scalar sectors because now we have two scalars, 
s and h, and their couplings to the gauge boson are different from the SM Higgs couplings. We 
find 



.scalar _ C °S 2 9 H ^ ™Lf sin2 °H 



12vr 



mi 



I2n 



In 



m 



href 



mi 



+ cos 2 9 H f s (m h ) + sin 2 9 H fs( r m s ) - fsimhref) 
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where mhref is the reference Higgs boson mass and fs(mh) and /t(^/i) are small non-logarithmic 
contributions whose explicit expression are 
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FIG. 6: Favored region plot from the Peskin-Takeuchi S, T. White regions are excluded at 95% CL. 



Note that the S and T parameters given in Eqs. (39) and (40) are independent of the sign of the 
Higgs-dilaton mixing angle 6h since they are functions of sin 2 9^. 

The contributions from S scalai and T scalar tend to be smaller than the contributions from the 
top sector. The region in which they give nonnegligible contributions is around sin 2 6h = 1. In 
this region, we can not ignore the sizable contribution from the term which is proportional to 
k^m-l^/m 2 ). However, in this region, the s couplings to the SM particles become almost the 
same as the SM Higgs boson couplings, and h behaves like SM singlet particle. Then this region 
is nothing but the SM limit, which is not the interest in this paper. Therefore we can conclude 
that the dominant contributions to the S and T parameters arise from the top sector, and Oh 
dependence of the S and T parameters is mild. 

The numerical values of parameters we use are 

sL = 0.23, w = 246GeV, m s = 125GeV, m h = 600, 1000 GeV, |0#| = 0, -, -. (43) 

6 3 

In Fig. [6| we show favored region in the m t / - sin#£ plane. White regions are excluded at 95% CL 
by S and T parameters. 

16 



There are other experimental constraints as well as S and T parameters. The mass bound on 
t' from the direct search at the LHC is [26] 



m t , > 557 GeV (95% CL). (44) 

We can find a constraint on ^ from the bound on Vtb because the mixing angle 9l change the top 
quark couplings, such as gwtb- The bound on Vtb without assuming unitarity triangle is [27] 



0.81 < \Vtb\ < 1 (95% CL). (45) 
If we assume top quark never mixed with light quarks, then the above constraint gives 

0.8K |cos0 L | < 1, (46) 

namely, 

|sin0 L | < 0.59. (47) 



We find that the constraints given in Eqs. (44) and (47) are easily satisfied in the allowed region 
in Fig. [6| 

We also study the constraint from Zbib^ coupling. In the SM case, the flavor dependent 
corrections to this coupling is proportional to the squared of the top- Yukawa coupling. In this 
model, this correction is modified due to the mixing between t and t' . We parametrize ZbJ>L 
coupling as follows 

We focus on only the flavor dependent correction hereafter because we use the constraint on [28] 
to derive the constraint on Zbijo^. We find that the flavor dependent part of 8gi is given by 

*9L = J^ 2 + S 9 r, (49) 

where the first term is the SM contribution, and the second terms is the additional contributions 
due to the t' and the mixing angle 0l- We find 

^ncw ^ m t sin2 °l 



16ttV (1-sin 2 9 L {1 - x)) 

(■ a n /-. \s ^ • 9 /, fn k ^ 9\ (1 — sin 2 9l)x(1 + x) lnx 
-1 - sin 4 9 L (1 - xf + 2x + sin 2 9 L (2 - 5x + 2x 2 ) + - . ; v . 
2(1 -x) 

ml sin 2 Oij . . 

16tt 2 v 2 (l - sur 9l) 
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where x is defined in Eq. (38). The constraint on <5g£ ew [29], which is derived from the constraint 
on Rb, is 

8gf w = (-5.8 ± 8.6) x 10" 4 . (51) 



Comparing Eqs. ( 50 ) and ( 51 ), we find the region | sin 6l\ > 0.52 is excluded at 95% CL. This region 
is already excluded from the constraint on S and T parameters in Fig. [6j Hence we conclude that 
the ZbibL constraint is not important in this model. 

Before closing this section, we comment on the validity of our perturbative calculation. In 
the top sector, there are three parameters in the Lagrangian, m, yt, and y' . These three can be 
expressed by observables mt, m t >, and Ol as shown in Appendix [Bj In the limit mf 3> m t , 



\/2 mt /^V?. 

V COS z t>L V 



2o- ' y' — mt'smO L , M~m t >cos9 L . (52) 



We have seen that the small 0l region is allowed by the S-T bound. Taking 6^ <C 1 limit, we get 

y t ~ ~ 1, y — smf/i, M ~ m t '. (53) 

v mt 

We see that only y' provides a non-trivial constraint, especially in large mf region. In Fig. [6| we 



see that the allowed region of sin^^ is about less than 0.2 in large my limit. Then, using Eq. (53), 
we see that 

y'<0.2^. (54) 
mt 

From this relation, we find that if we impose y' should be lower than 4 to keep perturbativity, 
mf should be lighter than 3400 GeV. This upper bound on mf does not spoil our discussion in 
this paper. Thus our perturbative calculation with y' is valid unless we take mf to be extremely 
large. [ 



V. CONCLUSIONS 



We have considered a possibility that the Higgs-like excesses observed at the LHC experiments 
are actually the signals of the dilaton associated with spontaneously broken scale invariance. We 
have constructed a minimal model of the dilaton which can be produced through the gluon fusion 
process at the LHC, and can decay into two photons. The effective coupling is obtained through 
the loop diagrams of a new vector-like state T that has the same gauge charges as the right-handed 
top quark. The T field contributes to the Peskin-Takeuchi S, T parameters in the electroweak 
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precision tests. This contribution allows one to push the Higgs boson mass above the experimental 
constraint, 600 GeV, providing a consistent framework for the light dilaton plus a heavy Higgs 
scenario. 

We find that the current experimental data allows distinct parameter regions where the excesses 
are either Higgs-like or dilaton-like. Once the excesses are confirmed with more statistics, it is 
possible to distinguish two scenarios. 

Note added: After completion of this manuscript, there appeared works treating a similar sub- 
ject pD]. 
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Appendix A: Linear realization potential 



Though the precise form of the potential V in Eq. Q is irrelevant for the experimental conse- 
quences which are governed by the Higgs-dilaton mixing angle Oh and the dilaton decay constant 
in units of the electroweak scale r]^ 1 = f /v, let us write down a renormalizable linearized version 
of our potential just for completeness 



S >+!lsi*\H\ 2 + m%\H\ 2 +'-^r\ll\ ] 



Xh 
2 2 



The vevs for the SM Higgs (H) = v/y/2 and for the singlet (S) = f are obtained as 



f 
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Xh —2k 




-m 2 


v 2 


6 K 


-2k ^_ 







The mass eigenvalues are 



mt 



^f 2 + ±fv 2 



4f p + ±fv 2 
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with the Higgs-dilaton mixing being 

tan 29 h 



2k/v 



As f 2 _ Ah. ,,,2 ' 

3 J 2 u 



Since we want m 2 Jm 2 h < (125 GeV) 2 / (600 GeV) 2 ~ 4% < 1, we can write 



- rni +()[ n ^, 2 , . 
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where Xs ^ H — k 2 > is required in order not to have a tachyon. Finally we note that a tree-level 

2 A 

vacuum stability condition for a large vevs reads - 4k + X H > 0. 
Appendix B: Mixing of top and its partner 

As said in the text, we have chosen the basis on which the mass mixing between top and its 
partner T^u^r is rotated away 

r -i m m! Itn T~> 

(Bl) 



m ml 




U3R 


M 







<?3L T L 

where m = ytv/y/2 and ml = y'v/^/2. Switching to mass eigenstates 
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For large M, 
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2M 2 
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m + 0(M~ 



rn 



m t> = M + — + 0(M ~% (B6) 
Conversely, parameters in the Lagrangian can be written in terms of the observables: 

M = \Jm 2 t sin 2 L + m 2 , cos 2 6 L , (B7) 

y/2 Tntmt' 
Vt = — 



y 



mf sin 9l + mf, cos 2 Ol 



V2 (m 2 , — m 2 )sui0 l cos Ql 



(B8) 
(B9) 



'm 2 sin 2 6l + m 2 cos 2 6l 
The rotation of the left-handed fields is physical as they belong to different representations 
under the SM gauge group whereas that of the right-handed ones are not. Instead of our choice, 
we may choose another basis where the Yukawa mixing QzETn is erased 
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Note that $ is not necessarily a small mixing angle and that the right-handed tops in this basis 
are related to the mass eigenstates by 

cos(i9 + ^/j) -sin(# + i?R) 
sin(tf + cos(i9 + $r) 

Although Ol is more directly related to physical observables, one may trade it with •& + $r, which 
is the angle denoted by 0^ and is constrained in Ref. |30j . We find the following relation between 
L andtf + tfji (= 

,sin^. 



sin 0l 



m? sin 2 0^ + m 2 , cos 2 Off 



(B13) 



Using this relation, we find our result is compatible with the result given in Ref. [30 
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